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Introduction {#sec1}
============

Deep eutectic solvents (DESs) are a new class of sustainable designer solvents with characteristics and physical properties similar to those of ionic liquids (IL), but DESs are inherently different in their formation mechanism, composition, and applications. Unlike ILs, which are entirely formed by a fixed and discrete ratio between the anion and cation, DESs are eutectic mixtures composed of ionic and/or nonionic species.^[@ref1]^ It is now accepted that the hydrogen bond interaction between the different DES components reduces the enthalpic component of the energetics, which results in the depression of the melting point of the mixture and gives a DES its liquid state at ambient temperature.^[@ref1]−[@ref3]^ Thus, DESs are simple and low-cost alternatives to ILs because they can be readily made by mixing two components. This last characteristic makes them more appealing than ILs because the latter usually require complex synthetic procedures for their preparation. Moreover, DESs have an added flexibility, since one can select specific components with a range of desirable properties such as low cost, renewability, biodegradability, and low toxicity. As such, DESs can be designed according to a tailored application.^[@ref4]−[@ref6]^ Hence, DESs have received a remarkable interest since they were first introduced by Abbott and co-workers in 2002.^[@ref7]^ DESs have been extensively studied for their applications in green chemistry,^[@ref6],[@ref8]−[@ref11]^ organic synthesis,^[@ref12]−[@ref17]^ material preparation,^[@ref18]−[@ref23]^ electrochemistry,^[@ref24]−[@ref27]^ and analytical and separation sciences.^[@ref28]−[@ref34]^

Archetypal DESs, based on mixtures of quaternary ammonium or metal salt and a hydrogen bond donor or metal chloride, have been intensely studied in the past decade.^[@ref7],[@ref35]^ These DESs are commonly known as "ionic" DESs. Recently, hydrophobic DESs have started to receive immense attention because of their unique properties (e.g., hydrophobicity, viscosity, and density) and their promising applications in microextraction techniques.^[@ref6],[@ref36],[@ref37]^ Hydrophobic DESs made from a fatty acid and several quaternary ammonium salts have shown to be suitable as a water-immiscible extraction medium for volatile fatty acids, such as propionic and butyric acids, in diluted aqueous solutions.^[@ref36]^ The high hydrophobicity of these DESs, manifested by their low water content on mixing with water (∼1.8 wt %) and their low leaching of quaternary ammonium salt (∼1.9 wt %), has proven to be vital in defining their extraction efficiency, as the efficiency increases with increasing hydrophobicity. Furthermore, the low leaching of the ionic component has provided further evidence of the strong interactions between the ionic and molecular components of the DES, in agreement with the proposed interactions occurring in archetypal choline chloride based DES. Interestingly, other hydrophobic DESs without ionic components have also shown notable extraction properties.^[@ref38]^

Recently, a newly designed nonionic DES formed by the simple combination of an amide (*N*-methylacetamide) and a long-chain carboxylic acid (lauric acid) was demonstrated.^[@ref39]^ This DES made from inexpensive, biodegradable, and low-toxicity feed stock materials has proven an efficient gelator for selectively phasing out the oil phase in an oil--water mixture. Moreover, this DES has a promising potential application in oil-spill remediation, since its performance is on a par with that of currently used or state-of-the-art gelators.^[@ref39]^ The molecular structure, dynamics, and interactions of this NMA--LA DES have been investigated in depth using linear and time-resolved IR spectroscopies along with small-angle X-ray scattering techniques.^[@ref40]^ The NMA--LA DES, which has a minimum fusion point of ∼6 °C at an LA/NMA molar ratio of approximately 1:4, has been found to have a hydrogen-bond network between the two molecular components, NMA and LA, even though the interaction between NMA and LA in this nonionic DES was found to be weak, favored only by ∼1 kJ/mol with respect to the pure components.^[@ref40]^ The structure and dynamics study of the NMA--LA DES revealed interesting nanoscopic details about the morphology of the mixture. In particular, it has been observed that the NMA--LA DES has molecular heterogeneities due to the presence of polar and nonpolar domains formed by NMA and LA, respectively, which interact via hydrogen bonds at the interface. The structure observed for the NMA--LA DES departs from that of another nonionic DES composed of acetamide and urea, which showed structural and dynamical homogeneity.^[@ref41]^ However, in the case of the acetamide--urea DES, the structural similarity between the two components provides a reasonable framework to explain why the components mix evenly and form a homogeneous molecular environment.

The interesting heterogeneous structure of the NMA--LA DES provides a molecular landscape with different features that could accommodate different solutes with preferential affinity to the particular domains (nonpolar or polar) in the mixture. This work is aimed at characterizing the location of different solutes within the nanoheterogeneous NMA--LA DES structure using IR spectroscopy. To this end, three solutes with different polarities and natures of intermolecular interactions are used in combination with DESs having different ratios of LA/NMA, which correspond to solutions with concentrations of LA below and at the eutectic point.^[@ref40]^ The selected solutes ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) are tetrabutylammonium thiocyanate (TBASCN), benzyl thiocyanate (BSCN), and tungsten hexacarbonyl (W(CO)~6~). The selection of these solutes is based on each having vibrational modes with sensitivity to structural and dynamical changes in the molecular environment.^[@ref42]−[@ref53]^ In particular, the thiocyanate ion (SCN^--^) has been extensively used as an infrared probe in a variety of different systems, such as molecular solvents and ionic liquids.^[@ref42]−[@ref47],[@ref54]^ Moreover, it has been previously demonstrated that the tetrabutylammonium cation (TBA^+^) causes negligible perturbation to the solvation of the thiocyanate ion.^[@ref42]^ In the case of BSCN, generally organic thiocyanates are shown to be good infrared probes to study solvent dynamics and site-specific changes at interfaces.^[@ref55],[@ref56]^ Finally, W(CO)~6~ has been successfully utilized to probe the structure of nonpolar domains, such as those found in bilayers.^[@ref49]−[@ref53]^ The IR active mode of CO stretch was previously shown to be a triply degenerate (T~1u~), vibrationally coupled, and delocalized mode, which is referred to as CO asymmetric stretch in this work.^[@ref57],[@ref58]^ In addition, the nearby Raman active mode of CO stretch is a doubly degenerate mode with *E*~*g*~ symmetry, which is referred to as CO symmetric stretch here.^[@ref57],[@ref59]^ Moreover, the vibrational dynamics, energy relaxation, and intra-/intermolecular energy transfer of the CO asymmetric stretch mode of W(CO)~6~ was previously characterized via ultrafast IR spectroscopy.^[@ref57]^

![Structures of Solvents and Solutes\
(a) NMA, (b) LA, (c) TBASCN, (d) BSCN, and (e) W(CO)~6~.](jp0c02482_0007){#sch1}

In previously reported works, the molecular environment around a solute in a DES has commonly been derived from time-resolved fluorescence emission spectroscopy, where the solutes act as probes by reporting changes in fluorescence lifetime and anisotropy dynamics depending on the nature of their local environment.^[@ref60]−[@ref63]^ Here, Fourier-transform infrared spectroscopy (FTIR) and vibrational echo two-dimensional infrared (2DIR) spectroscopy are used to study the vibrational dynamics of the three solutes. Furthermore, the 2DIR spectra provide information about the dynamical processes observed by the solutes (probes), including solvent dynamics and chemical exchange, which are important not only to describing the molecular interactions and motions in sub- or picosecond time scale but also to assessing where the solutes reside.^[@ref64],[@ref65]^

Methods {#sec2}
=======

Sample Preparation {#sec2.1}
------------------

LA (Alfa Aesar, 99.5%) and NMA (Alfa Aesar, 99%) were used as received. The two components were mixed at varied ratios as listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, in which DES2 and DES4 correspond to the concentrations of LA below and at the eutectic point. The DESs were prepared by mixing two components in a vial with vortex mixer and sonicator. The solutes, TBASCN (TCI, 95%), BSCN (TCI, 99%), and W(CO)~6~ (Pressure Chemical Co, 98%), were used without further purification. The concentration of the two thiocyanate solutes was ∼100 mM. Due to the overall low solubility of W(CO)~6~, the samples of W(CO)~6~ were prepared by adding the metal carbonyl to the DES, followed by a filtration with 0.2 μm PTFE membrane filter. All the DESs and chemicals were stored and prepared in a nitrogen-flushed glovebox.

###### Compositions and Abbreviations of the Investigated Solvents

  sample   molar ratio of NMA/LA
  -------- -----------------------
  DES2     2:1
  DES4     4:1
  NMA      1:0

Linear IR Spectroscopy {#sec2.2}
----------------------

Linear IR measurements were performed using a Bruker Tensor 27 with a liquid-nitrogen-cooled narrow-band MCT detector. All samples were measured with 0.5 cm^--1^ resolution and averaged from 40 scans. The DES samples were measured at room temperature, while the NMA samples were measured at ∼30 °C using a temperature-controlled sample cell (Harrick Scientific). All samples were held in an O-ring-sealed sample cell with two CaF~2~ windows separated by different-thickness Teflon spacers. All sample cells were prepared in a nitrogen-filled glovebox to minimize exposure to moisture.

2DIR Spectroscopy {#sec2.3}
-----------------

The setup used for 2DIR experiments has been previously detailed in the literature, so only a short description is provided here.^[@ref66]^ The input IR pulses were generated with a Spectra Physics Spitfire Ace Ti:sapphire amplifier at a repetition rate of 5 kHz, in combination with an OPA-800C and difference-frequency-generation crystal. The input IR beam was split into three replicas, which were later focused on the sample using the well-known boxcars geometry.^[@ref67]^ The photon echo signal was measured in the −**k**~1~ + **k**~2~ + **k**~3~ phase-matching direction. A heterodyned detection was performed using a fourth pulse (local oscillator). The heterodyned signal was measured in a 64-element MCT array detector after dispersing the heterodyned signal in a spectrometer. The photon echo signal was measured as a function of three critical time intervals: the coherence time τ (interval between pulses 1 and 2), the waiting time *T*~w~ (interval between pulses 2 and 3), and the coherence time *t* (interval between pulse 3 and the detected signal). These time intervals were set via computer-controlled translation stages. Here, 2DIR data were collected by scanning τ time from −4 to +4 ps for TBASCN and BSCN samples and from −3 to +3 ps for W(CO)~6~ samples in increments of 5 fs for each waiting time to collect both the rephasing and nonrephasing data by switching the time ordering.^[@ref66]^ Signals were collected for waiting times from 0 to 100 ps with exponential time steps. In all measurements, the local oscillator always preceded the photon echo signal by ∼0.6 ps. The time domain signal, collected as a function of (τ, *T*, λ~*t*~) via a monochromator-array detection, is transformed into the 2DIR spectra (ω~τ~, *T*, ω~*t*~) by means of Fourier transforms. A detailed explanation of the Fourier analysis has been described elsewhere.^[@ref68]^ All sample cells used in the 2DIR experiments were prepared using the methodology as previously described.

DFT Calculation {#sec2.4}
---------------

DFT calculations were performed with Gaussian 16 software at the B3LYP level of theory.^[@ref69]^ The 6-311+G(2d) basis set was used on carbon, oxygen, nitrogen, and hydrogen atoms, while the LANL2DZ basis set was utilized on tungsten atom.^[@ref70]^ Initial molecules and solvation shells were built in Avogadro software, where the structures were first minimized using a classical force field (MMFF94). Geometry optimizations and frequency calculations were performed in the gas phase.

Results {#sec3}
=======

The IR vibrational transition of the different solutes in DESs with different NMA/LA molar ratios were first investigated via linear IR spectroscopy ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In this case, the nitrile stretches of TBASCN and BSCN and the carbonyl asymmetric stretch of W(CO)~6~ were used as infrared reporters. For comparison, the FTIR spectra of the solutes in neat NMA were also reported.

![FTIR spectra after background subtraction and normalization of the different solutes in DESs. From top to bottom: spectra of TBASCN (a), BSCN (b), and W(CO)~6~ (c) in DES2 (black), DES4 (red), and NMA (blue), respectively.](jp0c02482_0001){#fig1}

The FTIR spectra of the ionic solute (TBASCN) reveals an asymmetric line shape for the CN stretch with a shoulder on the blue-side of the spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The CN stretch of the thiocyanate ion is substantially broad as revealed in its full width at half-maximum (fwhm), which ranges from ∼36 cm^--1^ in neat NMA to ∼43 cm^--1^ in DES2. The fwhm demonstrates that the CN stretch band becomes narrower with increasing NMA concentration in the solution. The broadening of the CN stretch band is accompanied by a change in the frequency of the maximum as seen in DES2 where the maximum is located at 2056 cm^--1^, but in DES4 and neat NMA, the maxima are positioned at 2053 cm^--1^. In addition, the second derivative of the spectra reveals the presence of two underlying peaks in this region (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)).

The polar and nonionic solute (BSCN) in the different solutions has an IR spectra with a symmetric band in the CN stretch region that slightly varies its frequency maxima and fwhm with increasing concentration of NMA (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)). Overall, the CN stretch band of BSCN slightly shifts to a lower frequency and becomes slightly narrower when the concentration of NMA is increased in the solution, but the difference in the characteristics of this band for DES2 and DES4 is minor (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)).

The FTIR spectra of the nonionic solute (W(CO)~6~) in the region of the CO asymmetric stretch ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) reveal two bands with a main band located at ∼1980 cm^--1^ and a side band at ∼2020 cm^--1^. The main band, which has been previously assigned to the CO asymmetric stretch,^[@ref49]−[@ref53]^ has a slight asymmetric line shape in all studied solvents, with its features being almost identical to those in DES2 and DES4 but slightly different in NMA as seen in its fwhm (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)). The CO asymmetric stretch is broader in NMA compared to those in DES2 and DES4, which is opposite to the trend presented by the other two solutes. While the presence of the asymmetric CO is expected, the weak side peak at high frequency is not because W(CO)~6~ has only three IR-allowed degenerate asymmetric CO stretches.^[@ref59],[@ref71],[@ref72]^ Interestingly, the high-frequency peak shows a small increase in its amplitude when the solvent is switched from DESs to NMA.

More detailed insights into the structure and dynamics of the ionic and nonionic solutes in different solvents are gained via 2DIR spectroscopy. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the 2DIR spectra of TBASCN in the CN stretching region for the three solutions. In the 2DIR spectra, the peaks close to the diagonal (ω~**t**~ = ω~τ~, black line in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and depicted as red (positive) are due to vibrational transitions from ν = 0 to ν = 1, while the blue peaks (negative) shifted to lower frequencies are due to the anharmonically shifted ν = 1 to ν = 2 transitions.^[@ref64]^ Overall, the spectra of TBASCN in the three solutions reveal a main peak along the diagonal which is substantially broadened when the NMA concentration is increased, which is in direct agreement with the trend observed in FTIR ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The spectra acquired at four different waiting times (*T*~w~ of 0, 10.7, 30.9, and 68.0 ps) show that the positive and negative peaks are initially elongated along the diagonal line, but they acquire a squarelike shape at longer waiting times, such as *T*~w~ = 68.0 ps in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The square shapes observed in the three samples evidence the growth of cross peaks in the 2DIR at a later waiting time, which are absent at *T*~w~ = 0 ps. These cross peaks are approximately located at (ω~τ~, ω~*t*~) = (2040, 2075 cm^--1^) and (2080, 2055 cm^--1^), which are circled in the spectra at 68 ps ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![2DIR spectra of TBASCN in DES2 (top), DES4 (middle), and NMA (bottom) at *T*~w~ = 0, 10.7, 30.9, and 68 ps. *y*-axis: pump frequency or ω~τ~. *x*-axis: probe frequency or ω~*t*~. The cross peaks are circled in the spectra at 68 ps.](jp0c02482_0002){#fig2}

The 2DIR spectra of BSCN in different solvents are less complex than those of TBASCN. As a whole, the 2DIR spectra show a pair of positive and negative peaks with an elliptical shape, which are tilted and elongated along the diagonal line at early waiting times ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). At longer waiting times, the positive and negative peaks exhibit a change in their shape, since the peaks become fairly round after 68 ps. However, a close inspection of the peak shapes demonstrates that the peaks become rounder at different times for the different samples. For example, the peaks in the spectra of the NMA solution appear to be round at *T*~w~ = 68 ps, while the corresponding peaks for the DES2 and DES4 samples still exhibit slight elongations at this time. The change in the shape of the 2DIR peaks evidence the time evolution of spectral diffusion due to the dynamics in the solvation shell of BSCN. Notably, the 2DIR spectra of BSCN do not show any obvious signature of the presence of cross peaks within 100 ps waiting time.

![2DIR spectra of BSCN in DES2 (top), DES4 (middle), and NMA (bottom) at *T*~w~ = 0, 10.7, 30.9, and 68 ps. *y*-axis: pump frequency or ω~τ~. *x*-axis: probe frequency or ω~*t*~.](jp0c02482_0003){#fig3}

The corresponding 2DIR spectra in the CO asymmetric stretching region of W(CO)~6~ are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Consistent with FTIR spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), the metal carbonyl shows a single band in this region as depicted by a single pair of positive and negative peaks. As in the case of BSCN, the positive and negative peaks are elongated along the diagonal line at shorter waiting times, but they become more upright and rounder at a longer waiting time. The 2DIR peak shapes do not present any clear evidence of cross peaks nor any obvious change after the waiting time of 69.7 ps. However, in the region of the side band (∼2020 cm^--1^), the growth of cross peaks between the side band and the main band of CO asymmetric stretch is observed (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)).

![2DIR spectra of W(CO)~6~ in DES2 (top), DES4 (middle), and NMA (bottom) at *T*~w~ = 0.5, 10.0, 33.4, and 69.7 ps. *y*-axis: pump frequency or ω~τ~. *x*-axis: probe frequency or ω~t~.](jp0c02482_0004){#fig4}

Discussion {#sec4}
==========

Ionic Solute (TBASCN) {#sec4.1}
---------------------

The structure of neat NMA--LA DES has been shown to be heterogeneous at the molecular level.^[@ref40]^ In particular, it has been shown that NMA and LA are likely to form polar and nonpolar domains, respectively. Thus, it is expected that thiocyanate and tetrabuthylammonium ions will reside in the polar domain of NMA--LA DES. The asymmetric peaks of the CN stretch in FTIR ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) and the cross peaks in the 2DIR spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) at long waiting times indicate that thiocyanate ions have two underlying peaks within the CN stretch band, which are attributed to two different hydrogen bonded states of the ion. It has been previously shown that when the thiocyanate ion forms hydrogen bonds with solvent molecules, it exhibits two bands in the IR spectrum, corresponding to the ions with and without hydrogen bonds at high- and low-frequency sides, respectively.^[@ref43],[@ref47],[@ref73],[@ref74]^ The assignment of the peaks to thiocyanate ions with different number of hydrogen bonds is consistent with the presence of cross peaks at later waiting times due to the process of chemical exchange, in which some of the thiocyanate ions change their number of hydrogen bonds (vibrational state) during the waiting time. The switch of the hydrogen bond state and its corresponding vibrational frequencies give rise to the observed cross peaks.^[@ref64],[@ref75]−[@ref77]^ While the formation of ionic aggregates can also result in more than one transition in the CN stretching region,^[@ref78]^ the low concentration of the solute (i.e., ∼100 mM) and the high polarity of NMA make it unlikely that ionic aggregates are formed in these solutions. Moreover, the absence of the cross peaks at waiting time zero further supports a mechanism of chemical exchange instead of the vibrational coupling expected from the formation of aggregates.^[@ref64],[@ref79]^

The IR spectra of TBASCN ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) shows an apparent broadening of the CN stretch with decreasing concentration of NMA. A broadening in an IR line shape could indicate an increase in the heterogeneity and/or a slowdown in the dynamics around the anion. However, the presence of two bands in the CN stretching region does not allow us to directly identify the molecular origin of such broadening. For example, a larger splitting between these two bands can also result in a broader line shape. To discern between the two possible broadening mechanisms, the dynamics of the frequency--frequency correlation function (FFCF) was extracted by the photon echo peak shift.^[@ref64]^ It is important to note that the presence of overlapping transitions interferes with the analysis of the time evolution of spectral diffusion, and the use of peak shift provides average time constants for both thiocyanate CN stretches. The peak shift for different waiting times is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The data was well-modeled with a double-exponential decay of the form:where *A*~1~ and *A*~2~ are the amplitude, *T*~w~ is the waiting time, and τ~1~ and τ~2~ are the decorrelation times. The fitting parameters listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} reveal a fast component (τ~1~) in the dynamics of the thiocyanate stretch ascribed to the in-place motion or rotation of the ion and a slow component (τ~2~) corresponding to the rearrangement of the solvent structure in the solvation shell of the anion.^[@ref73],[@ref80]^ In addition, it is apparent that the time constants (τ~1~ or τ~2~) do not differ significantly, while the amplitude (contribution) of each dynamical component does. In particular, an interplay between the two components is noticed as the decrease in the contribution from the slow dynamical component is followed by an increase in the contribution from the fast dynamical component when the concentration of NMA is increased. To evaluate the overall dynamics of the ionic solute, the weighted average of time constants, ⟨τ~avg~⟩, was calculated ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The weighted-average time constants show that the thiocyanate ion presents a slower dynamics when the concentration of NMA decreases, which is in line with the peak shift dynamics ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Thus, the slowdown in dynamics with decreasing amount of NMA may explain the broadening of thiocyanate CN stretch observed in the linear spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).

![Metrics of the frequency--frequency correlation decay of three solutes in DES2 (black squares), DES4 (red circles), and NMA (blue triangles). (a) Photon echo peak shifts for nitrile stretch of TBASCN, (b) CLS of nitrile stretch in BSCN, and (c) CLS of carbonyl asymmetric stretch in W(CO)~6~. Lines represent the models as described in the text. All data were normalized for comparison purposes.](jp0c02482_0005){#fig5}

###### Fitting Parameters of the FFCF and Chemical Exchange Processes Observed by TBASCN in the Different Environments

         FFCF          chemical exchange                                       
  ------ ------------- ------------------- ------------- -------- ------------ -----------
  DES2   0.30 ± 0.01   1.1 ± 0.1           0.70 ± 0.01   20 ± 1   14.3 ± 0.6   4.6 ± 0.3
  DES4   0.45 ± 0.03   1.7 ± 0.2           0.53 ± 0.02   20 ± 1   11.6 ± 0.5   4.5 ± 0.3
  NMA    0.50 ± 0.06   2.5 ± 0.5           0.47 ± 0.07   18 ± 3   10.0 ± 1.8   5.3 ± 0.7

The slowdown in the dynamics observed in NMA with the addition of LA to the system is in agreement with the confinement model previously proposed for NMA--LA DES^[@ref40]^ and is similar to that observed for reverse micelles.^[@ref81]−[@ref83]^ However, in this case the polar domain forms the continuous phase (see [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}), which is still confined due to the close proximity of the nonpolar domains as observed via small-angle X-ray scattering.^[@ref40]^ On the basis of the confinement model, an increase in the concentration of NMA results in larger continuous polar domain, which weakens the effect of the interface on the dynamics of this confined domain. As a result, the motion of the ionic solute inside the polar domain is less constrained, which results in faster dynamics.

![Cartoon Representation of Domains of the DES and Their Shared Interface\
Polar (blue) and non-polar (yellow) domains of the DES and their shared interface (green stripes); drum sticks and "Y" symbols represent the LA and NMA molecules, respectively.](jp0c02482_0008){#sch2}

Other dynamical information that can be retrieved from 2DIR spectra is the rate of growth of cross peaks. As discussed before, the cross peaks arise from the chemical exchange of thiocyanate ions with different number of hydrogen bonds. The cross peak growth as a function of the waiting time ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) shows its expected exponential growth, which is well-modeled with a function of the form:where *A* is the amplitude, *T*~w~ is the waiting time, and τ~cp~ is the characteristic time of cross peak growth. The results of the modeling with [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} show that the time constants for hydrogen bond making and breaking in the two DESs and NMA are statistically the same ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). This result is surprising given that there is a clear change in the solvation dynamics with NMA concentration. Interestingly, there has been a previous study on the confinement effect that showed a significant slowdown of water hydrogen bond making and breaking in confined systems.^[@ref81]−[@ref84]^ However, it is also possible that the close proximity between the two transitions undergoing chemical exchange and spectral diffusion simultaneously makes the retrieval of dynamics constant less accurate. Nevertheless, the experimental data show that the chemical exchange rates of hydrogen bond making and breaking have characteristic times of a few picoseconds. These exchange rates are in agreement with the fast decay of the FFCF caused by tumbling (rotation) of the ion, since it is likely that the free rotation of the ion occurs simultaneously with the making and breaking of the hydrogen bonds between the thiocyanate ion and the amide. Overall, the observed relations between the dynamics and the concentration of NMA in the different DESs, as well as the presence of cross peaks due to chemical exchange between different hydrogen bond species, support our assignment of TBASCN solute residing in the polar (NMA) domain (see [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}).

![Cross peak growth with waiting time in 2DIR of TBASCN in DES2 (black squares), DES4 (red circles), and NMA (blue triangles). Lines represent the models of cross peak growth as described in text.](jp0c02482_0006){#fig6}

Molecular Polar Solute (BSCN) {#sec4.2}
-----------------------------

Generally, molecules containing nitrile groups show a solvatochromic shift in central frequency of the CN stretch due to the vibrational Stark effect.^[@ref85]^ While this is also true for the BSCN sample, the frequency maximum of the CN stretch changes slightly with solvent (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)), which is in agreement with the IR observations in a similar molecule.^[@ref55]^ This indicates that the CN stretch of BSCN is not a very sensitive solvatochromic probe, but it should still reveal the type of local environment via the position of the central frequency of this mode. The FTIR spectra of BSCN in the CN stretching frequency region for the DESs and neat NMA solutions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) show that the CN stretch central frequency (∼2155--2156 cm^--1^) is similar to that of ethyl acetate (∼2156 cm^--1^; see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)), indicating that BSCN is in an environment analogous to that of a neat ester solution.

The small sensitivity of the CN stretch of BSCN to the environment via its frequency location allows us to infer some properties of its location from FTIR spectra, such as the mean local electric field.^[@ref86]^ In addition, the fwhm of the CN stretch of BSCN in the DESs and neat NMA is lower than that observed for methanol but higher than that for ethyl acetate (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)). While it is likely that BSCN does not form hydrogen bonds as seen from its fwhm, the linear IR is not sufficient to properly assess the presence of this interaction. To this end, the interactions between the CN group of BSCN and the environment in neat NMA and DESs were derived from the 2DIR spectra ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Interestingly, the 2DIR spectra show only one transition with no apparent cross peaks. The dynamics of the spectral diffusion ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) derived from the center line slope (CLS)^[@ref87]^ reveals that the system has picosecond dynamics with more than one dynamical component. Moreover, it is easily observed from the CLS that BSCN has very similar dynamics in DES2 and DES4 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), which significantly differs from that of the NMA solution. Modeling of the waiting time evolution of the CLS with a double-exponential decay ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) reveals that the amplitudes and time constants of the correlation decay ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) in DES2 and DES4 are statistically identical but different from those obtained for the solute in NMA.

###### Fitting Parameters of Double-Exponential Decay for the CLS of BSCN in 2DIR Spectra

         FFCF                                    
  ------ ------------- ----------- ------------- --------
  DES2   0.55 ± 0.06   6.0 ± 1.0   0.48 ± 0.06   47 ± 7
  DES4   0.50 ± 0.03   5.7 ± 0.5   0.54 ± 0.03   43 ± 3
  NMA    0.72 ± 0.07   5.3 ± 0.7   0.31 ± 0.08   29 ± 7

It is apparent that the polar solute (BSCN) not only senses the local environment but also provides information on the dynamics of the environment as previously demonstrated for methyl thiocyanate.^[@ref55]^ Thus, the similarity of the central frequency to that of an ester group and the statistically identical dynamics of the CN vibrational stretch in the two DESs with different compositions can be explained by locating the solute within the interface between the polar and nonpolar domains. In this case, it is expected that the ratio of two components will not influence the dynamics because the dynamics is determined by the interface itself rather than by the DES composition.^[@ref88],[@ref89]^ From a molecular point of view, the location of the BSCN solute in the interface is logical, since it is likely that in this location the benzyl ring of BSCN will align along the direction of carbon chains in the nonpolar domain, while its SCN group will be pointing toward the polar domain. Moreover, it is likely that in the interface the polar solute will not form hydrogen bonds with the LA carboxylic acid groups because the acid groups will be directly interacting with NMA as previously demonstrated in the neat DES.^[@ref40]^ This molecular picture is also in agreement with the lack of cross peaks in the 2DIR spectra of BSCN ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In comparison to the ionic solute TBASCN, BSCN has a significantly different solvation structure in DES. Similar results were also found for organic and inorganic solutes in ionic liquids, where it was reported that organic and inorganic azides have very different solvation structures in a series of homologous imidazolium ionic liquids.^[@ref90]^

Nonionic and Nonpolar Solute (W(CO)~6~) {#sec4.3}
---------------------------------------

The last solute investigated is the nonpolar molecular solute W(CO)~6~. Previous studies have demonstrated that W(CO)~6~ is a nonpolar solute having a high affinity to hydrophobic domains.^[@ref49]−[@ref53]^ In particular, those studies relied on the degenerate CO asymmetric vibrational stretch in W(CO)~6~ located at ∼1982 cm^--1^. The FTIR of W(CO)~6~ also shows a band in the same region but located at ∼1978 cm^--1^, which is ∼4 cm^--1^ lower than the frequency in the hydrophobic domains. In addition, the CO asymmetric stretch band has a fwhm of ∼20 cm^--1^ in both DESs and neat NMA, which is twice the width reported for the same solute in a hydrophobic environment formed by lipid bilayers or oil phase of microemulsions.^[@ref49]−[@ref53]^ The last finding is surprising considering that W(CO)~6~ is a nonpolar solute and has always been observed within the hydrophobic domain.^[@ref49]−[@ref53]^

The effect of the local environment on W(CO)~6~ was further investigated by dissolving the solute in hexane, ethyl acetate, and their mixtures to mimic the nonpolar and polar domains in DESs (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)). The CO asymmetric stretching region in these solvents reveals that the band shows not only a redshift in the central frequency but also a broadening with an increase in the concentration of ethyl acetate. In addition, the change in solvent from neat hexane to neat acetate exposes the growth of the high-frequency band at ∼2020 cm^--1^, which matches the position of the side band as observed in the spectra of W(CO)~6~ in the DESs and neat NMA. Interestingly, the bandwidth of the CO stretching in the DESs is closer to that of ethyl acetate than to hexane, indicating that W(CO)~6~ is likely to reside close to the carboxylic or amide groups and away from the alkyl tails of LA.

A comparison of the fwhm of the CO asymmetric stretching band in DES and neat NMA shows a broadening by ∼4 cm^--1^ from DES2 to neat NMA. The change in the bandwidth evidences that the solute experiences a local environment which either is more disordered or has slower dynamics. To evaluate these two possibilities, the dynamics of the molecular environment was derived from the 2DIR spectra. In this case, the dynamics of the FFCF of the CO asymmetric stretch was extracted using CLS method. This metrics shows clearly that the dynamics of the W(CO)~6~ environment become significantly faster with increasing concentration of NMA in the solution. Modeling of the data with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} reveals the presence of a two-dynamical process ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). The fast dynamical component has a characteristic time on the order of a few picoseconds, but the second dynamical component is very slow with the characteristic times of few hundred picoseconds. Moreover, the slow components are significantly slower than those observed for the other two solutes, TBASCN and BSCN. In two-component solvation dynamics, the faster component is generally attributed to the fluctuations due to in-place motion.^[@ref91],[@ref92]^ It was mentioned earlier that the CO stretch of W(CO)~6~ is a triply degenerate (T~1u~) coupled mode.^[@ref57],[@ref58]^ The intramolecular energy transfer in W(CO)~6~ between the degenerate modes of the CO stretch in heptane was reported to be ∼8 ps, while its anisotropy dynamics was 4.7 ps.^[@ref93]^ Similarly, in a polarization-dependent 2DIR study of guanidinium chloride in D~2~O, a faster energy transfer between two nearly degenerate stretching mode of guanidinium cation was reported to happen in ∼0.5 ps.^[@ref94]^ Note that the energy transfer between the degenerate stretching modes of guanidinium cation was enabled by the breaking of symmetry in the environment. Therefore, the fast component observed in this study could have a contribution from the reorientation dynamics and the intramolecular energy transfer among the degenerate coupled IR modes of CO stretch.

###### Fitting Parameters of Double-Exponential Decay for the CLS of W(CO)~6~ in 2DIR Spectra

         FFCF                                    
  ------ ------------- ----------- ------------- ----------
  DES2   0.74 ± 0.01   7.6 ± 0.2   0.26 ± 0.01   226 ± 27
  DES4   0.79 ± 0.01   6.3 ± 0.2   0.23 ± 0.01   175 ± 28
  NMA    0.86 ± 0.02   3.5 ± 0.2   0.15 ± 0.01   72 ± 14

The slow motion of the molecular environment sensed by W(CO)~6~ becomes faster with the addition of NMA. Moreover, there is a linear relation between the concentration of NMA in the solution and the characteristic times of the slow dynamical component (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)). The linear relation between the dynamics of the environment and NMA concentration could indicate that the probe resides either in the interface or in the polar domain formed by NMA. An increase in NMA concentration results in a faster dynamics of the environment, indicating that the probe is probably confined in the NMA (polar) domain. However, the confinement model used to describe the local environment of TBASCN will only be reasonable if the polar domain presents a molecular environment suitable for the W(CO)~6~ to reside. Previously, it has been demonstrated that NMA forms clusters in the presence of water, where the methyl groups of the NMA molecules aggregate giving rise to a hydrophobic collapse.^[@ref95]^ Thus, it is possible that the NMA molecules arrange the methyl groups around the solute to form a hydrophobic pocket within the polar domain. The similarity between the bandwidth and central frequencies of the CO asymmetric stretch in the two DESs and neat NMA supports this idea. Moreover, the linear relation of the slow dynamics of the environment to the concentration of NMA can be explained within this context because the addition of LA creates more confined polar domains,^[@ref40]^ which have slower motions due to the larger effect of the interface.^[@ref81],[@ref96]^

The broadening of the CO asymmetric stretch band seen in the IR spectra provides more evidence to the location of the nonpolar solute. The IR line shape broadening can be caused by changes in the vibrational dynamics. In particular, the CO asymmetric stretch of W(CO)~6~ has a long vibrational lifetime, which results in a small contribution to the line shape width.^[@ref49]^ Thus, large variations in the FFCF dynamical components are expected to cause the observed line shape broadening for the CO asymmetric stretch of W(CO)~6~. According to the Kubo line shape theory, the changes in the line shape could arise from variations in either the dynamics characteristic times, where slower dynamics results in broader bands or the frequency fluctuation amplitudes where large amplitudes also produce broader bands. In this case, the change in the dynamical characteristic times does not justify the observed broadening, since the largest bandwidth is observed for the solute in neat NMA, but the solute has the fastest dynamics in this solvent. Thus, only a more disordered structure in NMA as compared to the DES can explain the broadening of the band. The largest heterogeneity in the molecular environment sensed by W(CO)~6~ may be due to the NMA (polar) domain restructuring induced by the addition of nonpolar solute. The idea of domain restructuring has been previously used to describe the effect of molecular probes in ionic liquids, where it was observed that a large probe, compared to solvent, may induce significant domain restructuring of the solvent.^[@ref97]^ While it is possible that the solute is residing at the interface, the changes in dynamics for the nonpolar solute in the DESs suggest that this is not the case. However, it is also possible that the domain restructuring involves a rearrangement of the interface. Thus, the current data does not provide a clear indication of the solute location, so a more detailed study is needed to properly assess the location and effect of the nonpolar solute on the DES.

Another interesting feature observed in the FTIR of W(CO)~6~ in DESs and neat NMA is the presence of a side band at ∼2020 cm^--1^ as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. This side band has cross peaks with the CO asymmetric stretching mode in 2DIR spectra (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)), which grows with a characteristic time of ∼0.6 ps. While the side band could arise from the formation of W(CO)~6~ dimers or aggregates, a dilution experiment in DES4 reveals that the side band remains after a 100-fold dilution, eliminating the possibility of dimer/aggregate formation. Another possibility is that the side band arises from the symmetric stretch transitions, which become weakly allowed due to a distortion in the symmetry of the W(CO)~6~ molecule. In this case, the distortion in the molecular symmetry of the solute is not due to changes in its molecular geometry but due to the asymmetry in the environment. To support this hypothesis, DFT computations on a single W(CO)~6~ molecule with one NMA were carried out. The results (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf)) show that the nonallowed symmetric CO stretches become weakly allowed in the presence of an asymmetric environment. Moreover, the frequency separation between the asymmetric and symmetric stretching modes is ∼40 cm^--1^ from DFT computation, which agrees very well with the frequency separation observed in IR experiments ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The calculation also predicts a ratio of transition dipole moment intensities between the symmetric and asymmetric stretches of 0.06, which is comparable with the 0.04 deduced from the experiments (not shown). Hence, the side band is assigned to the two symmetric CO stretches of W(CO)~6~, which is due to an asymmetry in the solvation shell becoming weakly allowed and having cross peaks with the asymmetric CO stretches of W(CO)~6~ via either vibrational energy transfer between symmetric and asymmetric modes^[@ref98]−[@ref101]^ and/or a mechanism involving low-frequency vibrational modes.^[@ref102]^ Interestingly, the symmetric CO stretch (Raman active) was previously reported to be ∼42 cm^--1^ higher than the asymmetric CO stretch (IR active).^[@ref59]^ In an asymmetric environment, the symmetry of the environment could "turn on" the IR activity of the symmetric stretch mode as it is revealed in our result. Moreover, the vibrational energy transfer between these asymmetric and symmetric CO stretches was observed previously for W(CO)~6~ in *n*-hexane.^[@ref57]^ The most interesting aspect of the presence of the symmetric CO stretches of W(CO)~6~ is the requirement of an asymmetric solvation shell around the solute, indicating that in both DESs and NMA the nonpolar solute is sensing a very heterogeneous molecular environment.

Summary {#sec5}
=======

The nanoscopic molecular structure of nonionic NMA--LA DES was probed using three different solutes with varying polarities. In this study, three probes in the DESs with different compositions were investigated by linear and time-resolved infrared spectroscopies in order to study the change in structure and dynamics of DESs with varying mixing ratio. It is shown that solutes with different polarities are located in different domains of DES. In particular, it is found that the ionic solute (TBASCN) resides in the polar continuous domain formed by NMA and experiences a confinement effect when the concentration of NMA changes. In the case of the polar nonionic solute (BSCN), the result indicates that the solute is likely to reside in the interface. Finally, the results from the nonionic solute (W(CO)~6~), contrary to previous reports, do not indicate that it positions itself within the LA nonpolar domain. The experimental results point to the probe inducing a domain restructuring, which results in a hydrophobic domain within the NMA continuous domain through hydrophobic collapse. This molecular picture is in agreement with the confinement effect observed in its dynamics. However, to confirm the proposed location, further investigation on this solute in the NMA--LA DES via molecular dynamics simulation is planned for the future.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02482](https://pubs.acs.org/doi/10.1021/acs.jpcb.0c02482?goto=supporting-info).FTIR parameters of three solutes in DESs and NMA (Table S1), FTIR parameters of BSCN in various solvents (Table S2), fitting parameters of cross peak growth (Table S3), DFT frequency calculation of single W(CO)~6~ (Table S4), DFT frequency calculation of W(CO)~6~ with one NMA (Table S5), viscosity of DES2, DES4 and NMA (Table S6), FTIR parameters of W(CO)~6~ in various solvents (Table S6), second derivative of TBASCN spectra (Figure S1), FTIR spectra of BSCN in different solvents (Figure S2), 2DIR cross peaks between symmetric and asymmetric CO stretch of W(CO)~6~ (Figure S3), cross peak growth in 2DIR spectra of W(CO)~6~ (Figure S4), FTIR spectra of W(CO)~6~ in mixtures of hexane and ethyl acetate (Figure S5), relation between concentration of NMA and characteristic time constants of W(CO)~6~ (Figure S6), FTIR of dilute solution of W(CO)~6~ in DES4 (Figure S7), optimized structures of W(CO)~6~ and W(CO)~6~ with one NMA (Figure S8), and FTIR spectra of W(CO)~6~ in different solvent (Figure S8) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c02482/suppl_file/jp0c02482_si_001.pdf))
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